We conducted an experiment to examine age-related differences in the control of force and timing in a finger-tapping sequence with an attenuated-force tap. Participants between 7 and 20 years old tapped on a load cell with feedback on practice trials. They were required to recall the force pattern (300 g, 300 g, 300 g, 100 g) and the intertap interval (400 ms) without feedback on test trials. Analysis indicated that the last attenuated tap affected the first three taps of the tapping sequence in adults and adolescents but not in children. Adults and adolescents appeared to respond with four taps as a chunk, resulting in a contextual effect on the timing of force control, but younger children had difficulty with such chunking. Further, adults and adolescents were able to more accurately produce individual force magnitudes to match target magnitudes than younger children. For the ratio of force in serial positions 1:4, 2:4, and 3:4, consequently, 7-to 8-year-old children had lower ratios than the other age groups. Although there was no difference among age groups for timing control of peak force to press duration as a control strategy of force, 7-to 8-year-old children spent more time to produce force than the other age groups. Peak force with a decreased force was more variable in the attenuated force serial position (4) than in the other serial positions in all five age groups. Peak force variability was particularly robust in younger children. These findings suggest that younger children have difficulty with both temporal and spatial (i.e., magnitude) components of force control.
Introduction
The two paradigms of coincidence anticipation and finger-tapping have been often used to examine the development of the temporal components of movement control. Studies of the development of coincidence anticipation timing have shown that timing accuracy improves with age, mainly between the ages of 5 and 11 years (for a review, Bard, Fleury, Carriere, & Bellec, 1990) . Some studies have found an age and velocity interaction in timing accuracy. For example, Williams (1985) compared children and adults in a coincidence timing task with six different velocities and found a trend for younger children to respond too early for the slowest trajectory and too late for the fastest. Shea, Krampitz, Northam, and Ashby (1982) undertook a similar experiment and demonstrated that adults were able to adjust their movements to the speed of the moving stimulus very rapidly, whereas children adapted their movements more slowly.
In early studies on the development of rhythmic movement using the fingertapping paradigm (Lemon & Sherbon, 1934; Williams, 1933) , children were asked to synchronize limb movements to an external stimulus or to reproduce various acoustically presented rhythmic patterns. The results showed age-related increases in temporal accuracy and enhanced ability to produce complex rhythmic patterns across ages 2 to 13 years. Rosenbusch and Gardner (1968) reported that children as young as 5 years old were highly accurate in reproducing a single short time interval, suggesting that the mechanism for time perception is developed at an early age. Furthermore, using the Wing-Kristofferson model (1973) , Williams, Woollacott, and Ivry (1992) examined timing in clumsy and normal children in two age groups, 6-7 and 9-10 years old. The Wing-Kristofferson model says that an intrinsically variable ("noisy") clock triggers tapping movements via intrinsically variable motor delays, resulting in intrinsically variable intertap intervals. Williams et al. found that regardless of age, clumsy children had greater total inter-response interval variability than normal children. Differences between groups were due to clock variance only, representing deficits in central temporal organization in clumsy children. Although motor delay variability was not different for the two age groups in normal children, age differences in total intertap interval standard deviations were due to the larger clock variability for younger children. Thus, studies of coincidence anticipation timing and finger-tapping have shown clear developmental changes in these simple timing tasks.
However, the development of force control has been less rigorously investigated. How do children control both force and timing in finger-tapping tasks? Only one study has addressed this issue. Harbst, Lazarus, and Whitall (2000) recently found that although errors in producing increasing force were similar over 6-, 8-, 10-, 12-year-olds, and adult subjects, errors in decreasing force were greater in 6-year-olds than in other groups. They also showed that younger children had lower force accuracy and higher force and timing variability than older children and adults. Thus, although timing and force control have been studied together in the field of developmental motor control in recent work, many questions remain.
For example, many commonly used motor skills, such as those in sports and playing musical instruments, may require both an accentuation and attenuation of force (e.g., "forte" vs. "piano"). We have undertaken a series of experiments on the relative force of a serial force pattern in finger-tapping sequences in adults (Inui, Ishida, & Yamanishi, 1999 Inui, Katsura, & Yamanishi, 2000 . These studies examined the relative force of a serial force pattern in the scaling of force or speed profiles by using a finger-tapping sequence with an accentuated-or attenuated-force tap. The clearest result of the previous studies was that participants controlled the peak force by controlling the ratio of time-to-peak force to duration of press. In pianists, particularly, the ratio increased linearly as the target force decreased in finger-tapping tasks consisting of 16 combinations of target intertap intervals and target forces (Inui & Ichihara, 2001) .
One of the most interesting results from the previous studies was that vari-abilities of intertap interval and peak force in a decreased-force task were larger than those in an increased-force task. This suggests that a serial force pattern with a decreased force creates a more difficult motor task for fine control than that with an increased force. In addition, we found contextual effects such that the last tap affected the first three taps of the tapping sequence. When participants were required to increase the peak force at the last tap position of the tapping sequence (Inui, Ishida, & Yamanishi, 2000) , mean peak forces at the first three tap positions of the sequence overshot the target peak force. In contrast, when participants were required to decrease the peak force at the last tap position of the tapping sequence , mean peak forces at the first three tap positions of the tapping sequence undershot the target force.
Nothing is known about how the dynamic control of force changes over age. Thus, the purpose of the present study was to examine age-related differences and age-independent findings among children, adolescents, and adults in the retention of force and speed profiles of a finger-tapping sequence with an attenuated-force tap. The present protocol is unique because we examined the contextual effect described by Inui and colleagues Inui, Ishida, & Yamanishi, 2000) . To do this, we subdivided each trial sequence into subsequences of 4 taps with one attenuated tap. Press duration, time-to-peak force, and the ratio of timeto-peak force to press duration in finger-tapping were further analyzed to examine the control strategy of decreased force (Inui & Ichihara, 2001 ).
Method

Participants
Fifty-five individuals participated in the experiment. Participants were selected and grouped by age as: 7-to 8-year-old children (mean, 7.4 years), 9-to 10-yearold children (mean, 9.3 years), 11-to 12-year-old children (mean, 11.5 years), adolescents (13-14 years; mean, 13.5 years), and adults (19-20 years; mean, 19.3 years) . Each group consisted of 11 healthy, right-handed participants. Children were recruited from an elementary school attached to the university, and adolescents were recruited from a local junior high school. Adults were university undergraduate students. Informed consent for participation in this experiment was obtained from all participants. Written informed consent for the children to participate was obtained from their parents, while adults and adolescents provided written consent directly.
Apparatus
The load cell (LUB-5KB, KYOWA, rated load: 5 kg) tapped on by participants has a nonlinearity of 0.01% rated output and a hysteresis of 0.02% rated output. The output of the load cell was amplified by a strain amplifier (MCC-8A, KYOWA) and displayed on an oscilloscope (MD625BM-12, Leader) to show the difference between peak forces produced and two horizontal lines that signified two target forces. The output was also recorded by a personal computer (Macintosh G3, Apple) and displayed on a screen (RD17V, Mitsubishi, 832  624 pixel resolution) after the amplified signal was converted from analogue to digital (Mac Lab MKIII, AD Instruments).
Measurements
Figure 1 shows sample data (A) and the definitions of the dependent variables (B). The data for a required intertap interval (ITI) and force pattern were from a record sampled and digitized at a frequency of 1000 Hz by a 12-bit A/D converter after amplification and filtering at a cut-off frequency of 100 Hz. ITI, peak force, press duration, and time-to-peak force were automatically measured during each task, and these variables are schematically illustrated in Figure 1B . The ITI was measured as the onset-to-onset times of the tap. The force of each tap was measured as the peak output voltage from the strain gauge. Press durations were measured as the time that the participantʼs finger was in contact with the load cell. Times to peak force were the time to reach peak force. Finally, the ratio of time-to-peak force to duration of press was computed to examine timing control of peak force to press duration. The ratio was defined as one of the parameters reflecting the relationship between timing and force control. 
Procedure
Participants were seated facing the load cell, and their palms rested on a support surface 6 cm in height. Participants made tapping movements by a slight extensionflexion pulse of the index finger of the right hand at the metacarpophalangeal joint. A finger-tapping task consisted of a force pattern (300 g, 300 g, 300 g,100 g) and an ITI of 400 ms. A computer-controlled metronome provided a model for the tapping rate. Participants were required to synchronize finger taps on the load cell with the metronome. A horizontal line on the oscilloscope screen signified the two target forces of 100 g and 300 g. In 10 practice trials, each participant tapped for 20 s. These trials served to acquaint the participant with the tapping task. Accurate timing of the taps with equal ITIs was then encouraged. As participants attempted to synchronize the tap with the tone in the practice trials, they proceeded to produce the target for each force. When participants were not able to produce the 10 consecutive practice trials with an average deviation (obtained by averaging the absolute differences between the produced force and the target force) of 10% of each target force or less and a within-trial coefficient of variation (CV) for each target force of 30% or less, the practice trials were conducted two or three times more. Participants were not allowed to perform more than three additional trials to avoid fatigue of the hands and fingers. Immediately following the practice trials, a 20-s test trial was administered. Participants were instructed to recall the force pattern and ITI acquired during practice by self-pacing without feedback. The test trial was conducted once. However, when participants were not able to produce the accurate force with the criteria of average deviations and within-trial CVs in the practice trial, the test trials were conducted once again after the practice trials were repeated two or three times.
Statistical Analysis
To examine the contextual effect in a finger-tapping sequence, each trial sequence was subdivided into subsequences of 4 taps with one attenuated tap in each. Descriptive statistics were computed after sequential indexing (1 to 4) of the dependent variables. In the analyses of the test trials, the dependent measures were the average values corresponding to the separate ITI, peak force, press duration, time-to-peak force, and ratio of time-to-peak force to press duration produced. The values were calculated from 30 measures in each trial produced by each subject. Because there were marked differences among means of realized peak forces and ITIs, these CVs were calculated. A 5 (age)  4 (serial position) factorial analysis of variance was performed to examine the effects of age and serial position for the dependent measures. A 5 (age)  3 (serial position) factorial analysis of variance was performed to examine the effects of age and serial position for the ratio of forces in serial positions 1:4, 2:4, and 3:4. A 5 (age)  2 (measure)  4 (serial position) factorial analysis of variance was performed to examine the effects of age, measure (ITI and peak force), and serial position for CVs of the dependent measures. When significant overall condition effects were found for a dependent measure, Fisherʼs protected least square difference post hoc test was used to detect differences between conditions. Furthermore, Pearson correlations among means of peak force, press duration, time-to-peak force, and ratio of time-to-peak force to press duration were computed over five age groups and four serial positions (n = 5  4). Statistical significance was defined at the p < .05 level.
Results
Not surprisingly, adults, adolescents, and older children were able to more accurately produce individual force magnitudes to match target magnitudes than younger children. Figure 2 shows means of peak force (top) and ITI (bottom) for the five age groups and the four serial positions. To examine age-related differences and contextual effects for force control, the analysis of force first showed that the main effects for group (F 4, 200 = 10.24 ) and serial position (F 3, 200 = 85.67) were significant (p < .0001), while their interaction was not. Post hoc analysis showed that adults and adolescents used less force than the three childrenʼs groups (p < .05). Eleven-to 12-year-old children also used less force than the other two childrenʼs groups (p < .05). While adults and adolescents used less force in the first three serial positions than the target force, children used greater force than the target. This indicates that the last attenuated tap affected the first three taps of the tapping sequence for adults and adolescents but not children. In addition, the forces in serial position 4 were lower than those in the other three positions (p < .0001). Although the forces in serial position 4 were larger than the target over all age groups, the forces for adults, adolescents, and 11-to 12-year-old children were closer to the target than those for the other two childrenʼs groups.
Adults and adolescents also differed from children in the organization of their tapping. To examine age-related differences and contextual effects for timing control, the analysis of ITI next showed that the main effects for group (F 4, 200 = 6.94) and serial position (F 3, 200 = 6.82) were significant (p < .0005), while their interaction was not. Post hoc analysis showed that adults and adolescents had longer ITIs than 11-to 12-year-old (p < .05) and 9-to 10-year-old children (p < .0005). ITIs in serial positions 1 and 2 were shorter than those in positions 3 (p < .05) and 4 (p < .0005). While adults and adolescents prolonged the ITI in serial position 4, 7-to 8-year-old and 11-to 12-year-old children prolonged the ITI in serial position 3 and shortened the ITI in serial position 4. Not only were the ITIs different in young children, these children also had longer press durations. Figure 3 shows means of press duration (top) and time to peak force (bottom) for the five age groups and the four serial positions. To examine age-related differences and contextual effects in the time spent to produce force, the analysis of press duration first showed that the main effects for group (F 4, 200 = 16.91) and serial position (F 3, 200 = 12.69) were significant (p < .0001), while their interaction was not. Post hoc analysis showed that 7-to 8-year-old children had longer duration than the other four age groups (p < .01). In other words, young children spent more time to produce force than the other age groups. Further, the durations in serial position 4 were shorter than those in the other three positions (p < .0001).
Moreover, young children spent more time to accumulate force than the other age groups. To examine age-related differences and contextual effects in the time spent to accumulate force, the analysis of time-to-peak force next showed a significant main effect for group (F 4, 200 = 8.62, p < .0001) but not for serial position or their interaction. Post hoc analysis showed that 7-to 8-year-old children spent more time than adults and the other two childrenʼs groups (p < .05).
Figure 4 (top) shows mean ratios of time-to-peak force to press duration for the five age groups and the four serial positions. To examine age-related differences and contextual effects in the relative time spent to accumulate force, analysis of the ratios showed a significant main effect for serial position (F 3, 200 = 7.07, p < .0005) but not for group or their interaction. Post hoc analysis showed that the ratios in serial position 4 were higher than those in the other positions (p < .0005). In other words, the ratio of interest increased as peak force decreased.
However, as press duration and time-to-peak force increased linearly with increases in force, the ratio increased linearly as force decreased. To examine relations between peak force and parameters in force production, Table 1 shows Pearson correlations among means of peak force, press duration, time-to-peak force, and ratio of time-to-peak force to press duration over the five age groups and the four serial positions. Although the ratios and forces (p < .0001) or press durations (p < .05) were negatively correlated, forces and press durations (p < .0005) or times-to-peak force (p < .05) were positively correlated. Press durations and times-to-peak force were also positively correlated with the highest coefficient of correlation (p < .0001). Young children differed from the other age groups in the ratio of relative force. Figure 4 (bottom) also shows mean ratios of forces in serial positions 1: 4, 2:4, and 3:4 for the five age groups and the four serial positions. To examine age-related differences and contextual effects in the relative force, analysis of the ratios showed a significant main effect for group (F 4, 150 = 4.56, p < .005) but not for serial position or their interaction. Post hoc analysis showed that 7-to 8-year-old children had a lower ratio than the other age groups (p < .01).
Young children also had more variable peak force and ITI than the other age groups. Figure 5 shows CVs of peak force (top) and ITI (bottom) for the five age groups and the four serial positions. To examine age-related differences and contextual effects in variability in force production, analysis of the CVs in peak force first showed that the main effects for group (F 4, 200 = 14.20) and serial position (F 3, 200 = 19.09) were significant (p < .0001), while their interaction was not. Post hoc analysis showed that adults, adolescents, and 11-to 12-year-old children had smaller CVs than the other two childrenʼs groups (p < .0001). CVs in serial position 4 were higher than those in the other three serial positions (p < .0001). The CVs, in particular, for younger children were markedly higher than those for the other three age groups.
To examine age-related differences in variability in timing control, analysis of the CVs in ITI next showed a significant main effect for group (F 4, 200 = 3.12, p < .05) but not for serial position or their interaction. Post hoc analysis showed that 7-to 8-year-old children had larger CVs than the other four age groups (p < .05). Furthermore, the variabilities in ITI were remarkably smaller than those in peak force (F 1, 400 = 216.23, p < .0001).
Discussion
Relations Between Peak Force and Parameters in Force Production
In finger-tapping tasks, press duration is the time spent to produce force in a tapping sequence, while time-to-peak force is regarded as a representative parameter of the time spent to accumulate force. Ivry (1986) earlier found that press duration and time-to-peak force increased linearly with increases in force. In the present study, we found that, whereas press duration and time-to-peak force increased linearly with increases in force (Figure 3) , the ratio increased linearly as force decreased (Figure 4, top) , which is consistent with earlier studies (Inui & Ichihara, 2001; Ivry, 1986; Piek, Glencross, Barrett, & Love, 1993) . Piek et al. (1993) also pointed out that because press duration was affected by the direction of the force change, the duration could be attributed to a mechanical aspect of the force change, namely recruitment of motor units or increased motor unit firing (Desmedt, 1983) . Therefore, the ratio of time-to-peak force to press duration may be attributed to increased motor unit firing rates (Inui & Ichihara, 2001) . In the present study, because there was no difference among age groups for the ratio, there was no difference among age groups for timing control of peak force to press duration as a control strategy of force. To the contrary, although 7-to 8-year-old children did not use the largest force among all age groups, they had longer press duration and time-to-peak force than the other age groups. This indicates that they spent more time to produce force than the other age groups. In other words, they more slowly contracted their finger muscles than the other age groups.
Possible Mechanisms for Control of Attenuated-Force Tapping
Analysis of CVs showed that CVs in serial position 4 were larger than those in the other positions for peak force over the five age groups. This trend was particularly observed in younger children (Figure 5, top) . Their CVs of peak force in the serial position 4 were approximately double those in the other positions. This observation was also supported by our recent findings Inui, Ishida, & Yamanishi, 2000) . In finger-tapping sequences with an accentuated-or attenuated-force tap, participants recalled the force pattern and ITI acquired during practice and then produced a halved (halved task) or doubled force (doubled task) at the fixed ITI. Analysis showed that CVs of peak force and ITI in the halved task were larger than those in the doubled task. This suggests that a serial force pattern with a decreased force creates a more difficult motor task for fine control than that with an increased force. Harbst et al. (2000) also found that lower accuracy and greater variability resulted when a decrement of force was required to reach lower force targets as opposed to the upper force targets that required subjects to increase force. Thus, errors for decreasing force were greater in younger children than older children and adults.
A possible explanation for the difficulty in a tapping sequence with an attenuated-force tap might be expected to focus upon neural factors. Because weaker force in the direction of flexion is associated with weaker activation of the finger flexors, the weaker activation produces slackening of the muscle spindle and, consequently, decreases proprioceptive information from spindle afferents (for a review, Vallbo, 1981) . Gross force regulation can be produced by a change of central commands, while fine force control can be provided by various types of afferent feedback. Visual input has been found to compensate when tactile and proprioceptive input is decreased (Henningsen, Ende-Henningsen, & Gordon, 1995) . In the test trials of the present experiment without visual feedback, because an attenuated-force tap results in decreases in proprioceptive and tactile information, greater variability resulted when decrement of force was required to reach the lower force target.
Output Chunking As a Developmental Milestone in Serial Reactions
The most interesting result of the present study was that, while mean peak forces at the first three tap positions of the tapping sequence undershot the target force in adults and adolescents, the forces overshot the target in children (Figure 2, top) . This is a contextual effect , indicating that the last attenuated tap affected the first three taps of the tapping sequence for adults and adolescents but not children. Thus, as a contextual effect, information processing of force control differs in adults and adolescents compared to children. Furthermore, while adults and adolescents prolonged the ITI in serial position 4, 7-to 8-year-old and 11-to 12-year-old children prolonged the ITI in serial position 3 and shortened the ITI in serial position 4. For organizational processing of timing such as a contextual effect, adults and adolescents differed from children.
Thus, there was an age-related difference in information processing of the control of force and timing in the form of a contextual effect. This difference in information processing indicated that adults and adolescents appear to respond with four taps as a chunk (Miller, 1958; Schmidt, 1988) , resulting in a contextual effect on the timing of force control. Further, they were able to accurately produce individual force magnitudes to match target magnitudes. To the contrary, younger children not only had difficulty with temporal chunking of a series of force responses, but were also unable to accurately produce individual force magnitudes to target magnitudes. For the ratio of force in serial positions 1:4, 2:4, and 3:4, consequently, 7-to 8-year-old children had lower ratios than the other age groups. These findings suggest that younger children have difficulty with both temporal and spatial (i.e., magnitude) components of force control. Based on these findings, in addition, we propose that there are two components for motor organization of a serial force pattern. One component is to temporally chunk the whole series of forces ("temporal component"), and another is to accurately produce individual force magnitudes to match target magnitudes ("spatial component").
In a task of tracking serial light stimulation, similarly, two components have already been observed for motor organization of serial reactions (Inui & Suzuki, 1998; Inui, Yamanishi, & Tada, 1995) . We found that normal subjects responded with six movements, in which these individuals pressed a series of keys (1, 2, 3, 4, 5, and 6) as a chunk and were able to coordinate the timing of individual responses with individual stimuli. However, adolescents with mental retardation or autism appeared to chunk the whole series of responses and were unable to coordinate the timing of individual responses with individual stimuli. Adolescents with Downʼs syndrome not only produced this movement-output chunking, but were also unable to coordinated the timing of individual responses with individual stimuli. Thus, for motor organization of serial reactions, one component is to temporally chunk the whole series of reactions ("temporal component"), and another is to accurately coordinate the timing of individual responses with individual stimuli ("spatial component"). These findings suggest that the movement-output chunking as the temporal component is regarded as a developmental milestone in the control of force and timing in serial reactions.
